Silanol nests can play the role of places into which positively charged groups, such as, [FeO] 2+ , can invade. In the framework of this work, the influence of such structures on the activity of the [FeO]2+ group in the reaction of detachment of a hydrogen atom from methane was considered. Two ways of the reaction of hydrogen atom transfer (HAT) from methane were found: the socalled ferryl and oxyl routes. It was shown that the reaction of the detachment of a hydrogen atom from methane, which is a limiting stage of the oxidation of methane to methanol at the alpha center, proceeds through the formation of the so-called oxidation state [Fe(III)-O(-)]2+, and fingerprint of this state is negative spin density on oxo moiety.
Introduction
The methane binding problem is one of the most difficult problems, since methane oxidation requires breaking or at least weakening the C-H bond, whose energy is about 140 kcal/mol. Some living organisms are able to absorb methane from the gas phase due to the presence of enzymes that can bind methane under mild conditions, such as methane monooxygenase. The complexity of using enzymes in industry is that it is difficult to organize large-tonnage production. It is known that a large number of these enzymes contains the group [M=O] with active oxygen, on which the partial oxidation of methane takes place. Based on information on the structure of these enzymes, a large number of biomimetic catalysts were synthesized and tested, but they are all inferior in oxidizing ability to enzymes and are also difficult to use in large-tonnage production, as are enzymes.
To solve this problem, there were attempts to create systems containing [M = O] based on, among other things, zeolites. One of the successful examples of this approach can be considered the socalled Panov alpha-oxygen, capable of oxidizing methane and benzene under mild conditions with a fairly high [1, 2] . Despite a fairly lengthy study of this system, the structure of the active center has not yet been uniquely determined. The active center model in the form of the monomer [Fe = O] 2+ with a bond length of about 1.6 Å localized in the cation exchange position of the zeolite lattice predominates. [3] In some works, it is represented as an iron dimer, but only one oxygen atom acts as an active fragment. [4] The literature also mentions the possibility of the formation of iron trimers in the structure of Fe-ZSM-5, similar to the structure of the active center of ferredoxin II, Fe3S4. [5] In the literature, most often the group containing iron is placed in a sixmembered ring, as the most likely place for the introduction of such a structure. In addition to such places, there are so-called "hydroxyl nests" (hydroxyl or silanol nests). "Hydroxyl nests" are formed during dealumination of the initial zeolite, as a result of which tetrahedral aluminum is removed from the zeolite framework.
So, for example, when processing in solutions of inorganic acids at a pH of less than 4, the structure of zeolite Y is destroyed, while at a pH of more than 4, partial amorphization and simultaneous dealumination of the zeolite framework occurs. In this case, 2 reactions proceed sequentially: decationation and dealumination due to the formation of the Brønsted acid center (BCC).
Aluminum in the BCC is weaker bound to the framework and leaves it. [6] In this case, a structural defect is formed -the "hydroxyl nest", consisting of four hydroxyl groups. (Figure 1 ) "Hydroxyl nests" can play the role of places into which positively charged groups, such as, [FeO] 2+ , can invade. In the framework of this work, the influence of such structures on the activity of the [FeO] 2+ group in the reaction of detachment of a hydrogen atom from methane was considered. Earlier in our works, using the example O=Fe(OH)2, two ways of the reaction of the detachment of a hydrogen atom from methane were found: the so-called ferryl (generally, amyl) and oxyl routes. It was shown that the reaction of the detachment of a hydrogen atom from methane, which is a limiting stage of the oxidation of methane to methanol at the alpha center, proceeds through the formation of the so-called oxidation state [Fe---O*] 2+ , and fingerprint of this state is negative spin density on oxo moiety. [7] It should be noted that in many studies, the oxidized state refers to the Fe-O group with an elongated bond (up to 1.7-1.8 Å) and an oxygen center with some positive spin density, which is interpreted as evidence of the radical nature of this center. [8] However, in specific calculations, both in the ferryl and in the oxyl state, there is a noticeable magnitude of spin density, positive and negative signs, respectively.[?] A negative spin density oxo center was first identified by Morokuma [9] . Morokuma et al., When considering the reaction of the detachment of a hydrogen atom from methane in a methane monoxygenase model, found that in the transition state a negative spin density appears on the terminal oxygen atom and a methyl radical with a negative spin density forms. The authors associated the appearance of negative spin density on the methyl radical with the fact that two iron atoms are ferromagnetically coupled; therefore, the methyl radical must bind antiferromagnetically in order to satisfy the total spin moment of 9.
Baerends investigated the active center models of the alpha center containing [FeO] 2+ in the form O=M (H2O)5 2+ by DFT [10] and by Car-Parinello method [11] . To explain the appearance of negative spin density on the methyl radical, the authors proposed a mechanism involving the transfer of α electron from methane to σ* the iron orbital. Thus, five unpaired α electrons are formed on the iron atom, and the β electron remains on the methyl radical. Baerends et al suggested that the activity of the [M=O] 2+ group correlates with the position of the first unoccupied orbital (σ*). The lower the energy of this orbital, the higher the activity, estimated by the magnitude of the hydrogen separation barrier.
But this mechanism has several disadvantages. So, for example, he cannot explain the oxidative nature of the transition state, which is noted in many computational works [8, 12] in which the unoccupied orbital σ* is filled with its own electron and becomes inaccessible to the hydrogen electron. But this mechanism does not explain the appearance of negative spin density on oxygen during the reaction in the early stages.
Nesse in his work [8] proposes such a mechanism: oxidative oxygen is more active than oxoligand and has a higher electrophilicity. Thus, it is possible to imagine the activation of the C -H bond as a process consisting of a preparatory stage, at which the curve intersects between the ground state of [FeO] 2+ and the state of charge transfer from the ligand to the metal, followed by the stage of detachment of the hydrogen atom. As explained by PCET theory [doi:10.1146/annurev.physchem.49.1.337], the latter can proceed as proton transfer followed by electron transfer, vice versa or simultaneously. The activity of [FeO] 2+ Neese associates with the fact that, at the preparatory stage, the ability of [FeO] 2+ to interact with the CH binding orbital is enhanced, since the O-pz orbital overlaps with the CH σ bond more efficiently than the Fe-dz2 antibonding orbital, which includes only the limited nature of O-pz. Enhanced overlap greatly facilitates electron transfer and the formation of three-center MOs observed in the transition state. The oxyl-oxygen is intrinsically much more reactive than the oxo-ligand and is highly electrophilic. Thus, one may picture the C-H bond activation process as consisting of a preparatory step in which there is a curve crossing between the ground state of the (FeO) 2+ core and a LMCT (Ligand-to-metal (ion) charge transfer) state, followed by the genuine C-H abstraction step. The preparatory step greatly enhances the ability of the (FeO) 2+ core to interact with the bonding C-H s-orbital since the O-pz orbital more efficiently overlaps with the C-Hs-bond than the Fe-dz2 antibonding orbital that only involves limited O-pz character. The enhanced overlap greatly facilitates electron transfer and formation of the three-center MOs observed in transition state.
Solomon: [13] The mechanism for activating the iron-oxo intermediate for electrophilic reactivity is the same for both, aromatic electrophilic attack and hydrogen-atom abstraction: Elongation of the Fe-O bond transforms the ferryl-oxo, Fe IV =O 2-, to a ferric-oxyl, Fe III -O •species in the transition state. The short Fe-O bond in the Fe IV= O intermediate allows for large σ-and especially π-overlap between the iron d-and oxo p-orbitals, forming a strong covalent bond, which enables significant charge donation from the oxo to the iron to stabilize the high oxidation state. Elongation of the Fe-O bond decreases the overlap and significantly reduces the charge donation. In this case, one electron is transferred from the oxo to the iron, which results in significant spin polarization and the bi-radical character of the ferric-oxyl transition state. The dominant radical character on the oxygen significantly increases its electrophilicity, enhancing the reactivity with the electron density on the aromatic π-system or the C-H σ-bond.
In the transition state for hydrogen-atom abstraction, energy is required to partially break the C-H bond. Thus, this activation energy is somewhat dependent on the C-H bond strength of the substrate.
Earlier, we studied systems containing the [Fe=O] 2+ : monomer O=Fe(OH)2, dimer OFe2(OH)5 and tetramer OFe4(μ-O)4(OH)3. When simulating the first stage of C-H bond C-H:
[Fe=O] 2+ +CH4→[FeOH] 2+ +CH3 • two reaction routes, the so-called oxyl and ferryl routes, were detected. In reality, the reaction from the hydrogen atom proceeds through the oxyl state Figure 2 . Then the reaction proceeds in the oxide stream in accordance with the instructions, Figure 4 . The ferryl path can be realized, but the barrier reaction is due to higher than in the oxyl scenario. [14] In this paper, we solve the problem of studying the possible effect of structures on the similarity of "hydroxyl nests" on the state and reactivity of the oxo center of the ferryl group in simple models containing Al and Ga atoms. Various model structures of the Fe-ZSM-5 cluster from simple to more complex are considered: O=Fe(OM(OH)2)2, O=Fe(M(OH)2)2(μ-O)4(Si(OH)2)2 и 6-ring model ZSM-5 (FeM2Si5H12O21). The first one (O=Fe(OM(OH)2)2) were formed by changing hydrogen atom at O=Fe(OH)2 by M(OH)2 + , where M=Al, Ga. Thus, we can try to take into account the influence of the ligand environment in a rather simple approximation. The second model, O=Fe(M(OH)2)2(μ-O)4(Si(OH)2)2, was formed by forming a cation-exchange position in a fourmembered silicon cycle. The latter model was formed on the basis of the model of the active center FeZSM-5, in which the model is simplified to the maximum to facilitate the calculation, but at the same time retaining the active zeolite ring. [15] .
ZSM-5 Models
O=Fe(OM(OH)2), M=Al, Ga.
To determine the effect of the ligand environment on the [FeO] 2+ activity, the previously studied model particle of α-oxygen O = Fe (OH) 2 was taken and the hydrogen atom in it was replaced by the group M (OH) 2, where M = Al, Ga. This group has the same symmetry as O = Fe (OH) 2; thus, it is possible to evaluate the effect of the ligand environment on the stabilization of the oxide state and the change in the separation barrier of the hydrogen atom from methane. Al Figure 5 . The O=Fe(OAl(OH)2) мodel: 5 A1 and 5 B1 states.
In a previously published article [16] for the O=Fe(OH)2 system the authors showed that the 5 B1 и 5 B2 oxyl state is higher in energy relative to the 5 A1 ground state by 42 and 21 kcal/mol, respectively, and 5 A2by 51 kcal/mol. For our model, 5 A2 is also by 53 kcal/mol, and the 5 B1 и 5 B2 oxyl states are 20 и 10.5 kcal/mol higher, which is significantly lower than for O=Fe(OH)2 ( Table 1) . That is, even in such a simple model, the influence of the ligand environment on the stabilization of the oxide state is significant. Despite the stabilization of the oxide state, the hydrogen atom detachment barrier, 16 kcal/mol ( Table 2) , does not differ much from the previously published value for the oxyl -18 kcal/mol [14] . The reaction proceeds through an oxide transition state, the hallmark of which is the emerging negative spin density on the methyl, qs(C) = -0.490 ( Table 2 ). The angle ∠(O-Fe-C) is about 130 degrees, which corresponds to a π-attack, as previously indicated in an article by Shaik et al. [17] The authors argue that at Sz=2 the angle of attack of approximately 120° should correspond to the formation of a methyl radical with α-spin, that is, with a positive spin density. In our calculations, when the angle of attack is 130°, which corresponds to a π-attack, a negative spin density is formed on the methyl radical in the intermediate. Therefore, we suggested that the mechanism proposed by Shaik is not correct. CH4 oxidation When Al is replaced by Ga, the separation barrier of the hydrogen atom from methane by O=Fe(OGa(OH)2) practically doesn't change and is equal to 18 kcal/mol. Thus, we can conclude that the direct influence of the metal on the course of the reaction is practically absent. When using the four-membered cycle, it is possible to significantly stabilize the oxyl states ( 5 B1 and 5 B2); they are comparable in energy to 5 A1 (Table 5 ). When symmetry is disabled (NoSymm structure), the energy of the system drops by 9.4 kcal / mol (Table 5 ). Therefore, we can assume that a system with artificially specified symmetry is a stressed structure. Under certain circumstances, if the environment can create such a tense structure, the oxidation state can become the ground state. One of such circumstances may be a geometric factor, and specifically ∠(O-Fe-O), as it was previously shown that the influence of this angle on the stabilization of the oxidation state is significant. [18] So for the oxyl state is characterized by lower values of the angle ∠(O-Fe-O). For a structure with a four-membered ring, the hydrogen atom detachment reaction barrier is only 1.7 kcal/mol. Therefore, for structures like these, a very high activity in the HAT reaction can be expected. Такие структуры могут образоваться в процессах формирования ранее упомянутых «гидроксильных гнёзд». 
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Computational details
All calculations were performed using by Gaussian'09 package [19] on UB3LYP/6-311++G(d,p) level. [20, 21] All systems were uncharged and in quintet state (Sz=2).
SCF=(tight,Conver=8) int=(grid=UltraFine)
Charge = 0 Multiplicity = 5. Eads = E(NoSymm+CH4) -(E(NoSymm) + E(CH4)) = -8190.34175660 -(-8149.80635589-40.5339575449) = -0,001443165 (a.u.) = -0,90559981 (kcal/mol) 
